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INTRODUCTION 
The objectives of this research program are to develop and evaluate 
electromagnetic sensor arrays for use in NDE and robotics. The work at SRI 
has focused on the use of inductive sensors; parallel work at Stanford 
University [1] has emphasized capacitive sensors. The previously reported 
wire-wound coil sensor [2], consisting of a drive coil and several smaller 
pickup coils, uses a technology that is not well suited for constructing an 
array. Furthermore, the spatial resolution of such a sensor is limited by 
the practical size of the pickup coils. In this paper we describe the 
development of a sensor array that uses printed-circuit technology to over-
come these limitations. We expect that printed-circuit technology will sim-
plify the fabrication of an array, permit precise replication of the array 
elements, reduce the minimum achievable size of individual array elements to 
improve spatial resolution, and allow the construction of two-dimensional 
arrays. 
PRINTED-LOOP SENSOR ARRAYS 
Printed-circuit technology is widely used for fabricating planar circuit 
patterns and can produce line widths and spacings as small as a few thou-
sandths of an inch. The use of this technology for inductive sensor arrays 
requires that the multi-tum coils used previously be replaced with single-
turn printed loops. Although small single-tum loops reduce the sensor 
signal, they significantly improve spatial resolution. 
A potentially useful feature of printed-circuit technology is that the 
circuit boards can be mounted in a vertical position with respect to the test 
sample to facilitate external connection to the sensor array (Fig. 1). The 
cross-sectional side view in Fig. 1(a) shows two vertical wire-wound drive 
coils and a circuit board containing the printed loops sandwiched between the 
coils. The relative position of the loops is shown in Fig. 1(b). 
The principle of operation of the printed-loop sensor is the same as 
that of an eddy-current reflection probe; that is, the sensor output is pro-
portional to any change that occurs in the mutual coupling between the drive 
coil and pickup loops. The single magnetic flux line in Fig. l(a) schematic-
ally represents this mutual coupling. 
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We built and tested a vertical sensor array with two of the loops dif-
ferentially connected. However, even when the sensor was scanned over the 
edge of a flat metal sample, we found that the signal produced was very weak 
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Fig. 1. Vertical printed-loop sensor array. 
and could be only marginally detected because the magnetic fields responsible 
for the mutual coupling between the drive coils and the printed loops were 
not tightly coupled to the sample. 
To improve the sensitivity of the sensor, we converted the vertical 
sensor array to a horizontal sensor array with a single drive coil (Fig. 2). 
As shown in Fig. 2(a), the single drive coil with 5 x 6 turns and the circuit 
board are located parallel to the sample surface. The circuit board is 
attached to the drive-coil .holder, thereby placing the array of printed loops 
between the drive coil and the test sample at a position close to the center 
of the drive coil. The array of the four printed loops, two of which are 
shown in Fig. 2(b), fits well within the 0.5-in. x 0.5-in. opening of the 
drive coil. Each loop, formed by a 0.005-in.-wide printed conductor, has 
inside dimensions of 0.03 in. x 0.05 in. The center-to-center spacing be-
tween neighboring loops is 0.07 ln. To reduce the electromagnetic pickup in 
the lines that connect the loops to the soldering pads, the entire board is 
wrapped with a 0.004-in.-thlck copper foil so that only the loops are direct-
ly exposed to the magnetic field of the drive coil. A 0.002-ln.-thlck film 
of Kapton provides insulation between the loops and the copper foil. The 
copper foil typically touches the sample surface as shown, thus resulting in 
a lift-off distance of 0.006 in. 
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Fig. 2. Horizontal printed-loop sensor array. (Not to scale) 
EXPERIMENTAL RESULTS 
In the spatial-resolution and sensitivity experiments discussed below, 
the sensing loops were connected differentially as indicated in Fig. 3, which 
also shows the measurement setup. The drive coil is excited by a stable 20o-
kHz signal, with a level such that the current in the coil is a few rnA. The 
signals from the loops are sent to a differential amplifier via two potentio-
meters that are used to balance the sensor pair. The differential signal is 
detected by a lock-in amplifier that provides a full-scale lQ-V output. This 
output is captured by the data acquisition system described in [2]. Although 
a lock-in amplifier in the detection system is not essential, we used it for 
these experiments because of our initial uncertainty about the sensitivity of 
the single-loop sensors. 
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Figure 4 shows the improved spatial resolution of the printed-loop 
sensor over the wire-coil sensor described in [2]. Figure 4(a) compares the 
signals detected by a printed-loop and a wire-coil sensor when scanned over a 
wide slot (0.125-in. wide and 0.125-in. deep) in an aluminum plate. Because 
it has a center-to-center spacing of 0.070 in., the printed-loop sensor is 
able to resolve the slot, whereas the wire-coil sensor, which has a center-
to-center spacing four times larger, exhibits a response that is determined 
by the dimensions of the sensor and not those of the slot. Figure 4(b) shows 
the signal detected by a printed-loop sensor when scanned over a narrow EDM 
slot (O.OlD-in. wide and 0.040-in. deep) in an aluminum plate. As expected, 
the basic resolution of the differentially connected printed-loop sensor is 
about 0.070 in. 
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Fig. 4. Spatial resolution of printed-loop sensor. 
We evaluated the sensitivity of the horizontal printed-loop sensor by 
scanning small steps in an aluminum plate. Figure 5 shows the response to a 
748 
0.002-in. step. The full scale of this figure corresponds to a 3Q-uV output 
from the differential amplifier. The voltage signal-to-noise ratio is larger 
than 100. This ratio is determined not only by the bandwidth, but also by 
the common-mode rejection of the differential amplifier. The common-mode 
rejection governs how large a signal can be applied to the drive coil before 
the common mode begins to mask a weak signal. In this case, .the common-mode 
rejection was measured to be 60 dB. The drive current used to obtain the 
results shown in Fig. 5 was 3 to 4 mA. For the signal level present in Fig. 
5, the exact shape of the skirts of the curve depended on how the probe was 
aligned because there was some common-mode interference. 
w 
0 
::> 
1-
...J 
c.. 
::!!: 
<{ 0.5 
w 
> 
i= 
:5 
w 
a: 
!0.002" 
~--=f 
\\ALUMINUM 
PLATE 
o~~~~~~~~ 
0 0.1 0.2 0.3 0.4 
DISTANCE - in. 
Fig. 5. Step response of horizon tal prin"ted-loop sensor. 
When the loops are connected so that the signals from each loop add to-
gether rather than subtract, the sensor becomes very sensitive to lift-off. 
Using this sum mode, the probe becomes a proximity sensor. Figure 6 shows 
the results of varying the lift-off distance. In Fig. 6(a), curves of the 
lift-off signal at the output of the preamp are drawn as functions of lift-
off distance for the two cases where either two or four loops are connected 
in series. As can be seen, increasing the number of connected loops in-
creases the sensitivity. Connecting either loops 2 and 3 or 1 and 4 made no 
difference in the detected signal. The output voltage appears to be simply 
the sum of the voltage from each loop, and there is no evidence of inter-
action between the loops. At 0.4 in. to 0.5 in. away from the sample, the 
lift-off voltage saturates. Using this saturation voltage to normalize the 
curves in Fig. 6(a) produces the curves shown in Fig. 6(b). These curves 
show that the range of lift-off distance over which the test piece exerts an 
influence on th detected signal is about 0.1 in. for both combinations of 
loops. Controlling this range of influence will probably require changing 
both the drive-field configuration and the loop interconnections. At present 
only one drive coil is used, but it may be possible to use an array of 
several localized drive coils to control the ranging effect. 
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Fig. 6. Lift-off signal vs. distance (sum mode). 
SUMMARY 
We have demonstrated that small single-tum printed loops can be used as 
sensors with sufficient sensitivity to be useful in NDE and robotics and that 
printed-circuit techniques facilitate the fabrication of arrays of small 
loops to provide electronic scanning with high spatial resolution. Our 
future research plans include developing a model for inductive sensor arrays; 
designing and building a horizontal-loop array with vertical connections; 
demonstrating electronic scanning in one, and perhaps two, dimensions; and 
exploring the possibilities of arraying drivers as well as sensors. 
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